The nuclei of Rous sarcoma cells were prepared from an established line of non-producer rat XC cells transformed with a Prague strain of Rous sarcoma virus (PR-RSV). Electron microscopic examination of the nuclear pellet showed a slight contamination with cytoplasmic debris and an absence of mitochondria. The D N A samples extracted from isolated nuclei and from whole XC cells were both assayed for infectivity in chicken cell cultures and found to contain about the same number of infective units per unit weight of DNA. Furthermore, the DNA from whole XC cells was set free by alkali and sedimented through an alkaline glycerol gradient in order to separate cellular DNA species according to sedimentation velocity. Under these conditions the infective RSV DNA consistently sedimented with the chromosomal I i o S DNA and thus behaved as if covalently linked to the chromosomal D N A of XC cells. These results show that the infective virus DNA of non-producer RSV-transformed cells is carried in these cells as an integral part of the cellular chromosome.
The D N A samples extracted from isolated nuclei and from whole XC cells were both assayed for infectivity in chicken cell cultures and found to contain about the same number of infective units per unit weight of DNA. Furthermore, the DNA from whole XC cells was set free by alkali and sedimented through an alkaline glycerol gradient in order to separate cellular DNA species according to sedimentation velocity. Under these conditions the infective RSV DNA consistently sedimented with the chromosomal I i o S DNA and thus behaved as if covalently linked to the chromosomal D N A of XC cells. These results show that the infective virus DNA of non-producer RSV-transformed cells is carried in these cells as an integral part of the cellular chromosome.
I N T R O D U C T I O N
In I97I direct evidence was obtained that animal cells transformed by RSV contain a DNA copy or copies of the virus genome. This D N A gave rise to virus when applied to chicken cells (Hill & Hillova, 197I) . Viruses recovered from infections initiated with DNA were biologically and antigenically the same as their parents (Hill & Hillova, I972a, b) . These findings were confirmed rapidly in other laboratories with infective DNAs from either non-permissive (Hlo~finek & Svoboda, i972; Svoboda, Hlo~inek &Mach, I972) or permissive (Montagnier & Vigier, I972a , b) RSV-transformed cells. It is likely that infective virus D N A corresponds to the hypothetical provirus of Temin (I964) . Temin & Mizutani (I97o) and Baltimore (197o) discovered that RNA tumour viruses carry RNA-directed DNA polymerase capable of generating D N A copy(ies) of RNA templates. This enzyme may be involved in virus replication in such a way as to give rise to a DNA transcript of the virus genome. It remains to be elucidated whether the DNA transcript, perhaps identical with infective virus DNA (Hill,r1973) , simply plays the role of an intermediate in the replication cycle of the virus or interacts also with the genome of the host cell. We present evidence that the infective virus DNA of non-producer RSV-transformed cells is localized in the cell nucleus as an integral part of the chromosomal DNA. & Pogo (I97I) with slight modifications. All operations were performed at 4 °C and controlled by phase-contrast microscopy. Cell monolayers were washed twice with o. 15 i-NaC1, then the cells were detached with glass beads, centrifuged, and resuspended at lO 6 cells/ml in an appropriate vol. of o'3 M-sucrose with 1.5 mM-MgCl~, IO mM-tris solution, pH 7"9 (buffered sucrose). The following procedure was used for lO 7 XC cells. The cells were collected by sedimentation at 3oog for 5 rain, swollen for lO rain in IO ml of IO mM-KC1, 1 mM-MgCl2, IO mM-tris solution, pH 7"9, and centrifuged at 7oog. The cell pellet was resuspended in 5 ml of buffered sucrose containing 0"3 ~o (v/v) Triton X-Ioo (Sigma), and the cells were disrupted in a Dounce homogenizer. Usually 3o to 4o strokes were sufficient to remove cytoplasm from cell nuclei. The nuclei were pelleted at 800 g for 6 rain, washed twice in buffered sucrose, and finally resuspended in 2 ml of buffered sucrose. In this way about 9 ° ~ of the starting amount of XC cells was recovered as clean nuclei. A sample of nuclei in suspension was centrifuged in a separate tube and the nuclear pellet processed for electron microscopic examination.
Electron microscopic examination. The nuclear pellet was fixed for I h at 4 °C with 6 (v/v) glutaraldehyde in o.I M-S/)rensen buffer solution, pH 7"2, then washed for 2 h in the same buffer solution, fixed with I ~o (w/v) osmium tetroxide, dehydrated with alcohol, and embedded in Epon. The blocks were oriented and sectioned across the pellet to follow the direction of centrifugal forces so that all layers of the pellet were seen in each section. Thin sections were stained with uranyl acetate and lead citrate and examined in a Philips EM 3oo electron microscope. In order to show contaminating mitochondria in different depths of the nuclear pellet, unselected fields of the sections were photographed to cover the total thickness of the pellet. Photographs were taken from different blocks to check for the homogeneity of the pellet from the centre to the periphery.
A comparison was made with whole cell preparations. A monolayer of XC cells was fixed, and the cells scraped and processed as described for the nuclear pellet. The blocks of whole cells were sectioned in all directions. For each XC cell encounteredin the section plane, the mitochondria and nuclei were counted to determine the average mitochondria/nuclei ratio.
Extraction of XC-DNA from cell nuclei and whole cells. The suspension of nuclei from XC cells was appropriately diluted with o"I5 M-NaCl-o.t M-EDTA, pH 8.0, and the DNA was extracted by a slight modification of the procedure of Marmur (1961) as described by Hill & Hillova (I972a) . The DNA fibres were sterilized in 75 ~o alcohol at 4 °C for 24 h, dissolved under sterile conditions in o'15 M-NaCl-o.o15 M-Na citrate (1 × SSC), and stored at 4 °C. The average tool. wt. of this DNA was 9"8 x io 6, as calculated (see equation of Eigner & Doty (1965) ) from the sedimentation coefficient determined by analytical boundary sedimentation (Studier, 1965) . The DNA of whole XC cells was prepared in a similar way. Cell monolayers were twice washed with o.I5 M-NaCl-o.I M-EDTA, pH 8.o, and the cells were harvested by glass beads and twice washed in the same NaCI-EDTA solution. Further steps in the DNA extraction procedure were as those used to extract nuclear DNA. The average mol. wt. of the DNA from whole cells was IO × lO 6 when determined as above.
Velocity sedimentation in alkaline glycerol gradients. XC cells were labelled with p~C]-thymidine ([14C]-TdR, o.I #Ci/ml, 5o mCi[mmol) for 18 h in 250 ml Falcon plastic flasks containing 20 ml of modified (Macpherson & Stoker, I96Z ) Eagle's medium supplemented with IO ~o heated calf serum. After labelling, the medium was poured off and replaced with 2o ml of fresh medium also supplemented with Io ~ heated calf serum and also with IO ~o (v/v) tryptose phosphate broth (Difco). Three hours later the cell monolayer was trypsinized and the cells washed with growth medium and then with physiological saline. The last cell pellet was resuspended in 2 ml of physiological saline, and the cell concentration determined in a counting chamber. An appropriate vol. of the cell suspension containing 8 × IO 5 cells was deposited on to the surface of an alkaline glycero lgradient. In some experiments [~H]-TdR-labelled SV4o (about IOOOOO ct/min) was added as sedimentation reference (generously provided by Dr E. May). The cells and the SV4o, if present, were lysed at 4 °C in a 2 ml layer of 0"5 N-NaOH-o.o8 M-EDTA-I ~ (w/v) Sarkosyl-97 (Geigy) on the top of the gradient (Nonoyama & Pagano, I972 ) . About I2 h later the cell material was centrifuged through 33 ml of Io to 3o ~ glycerol in o.I N-NaOH and 0"9 M-NaC1 and 2 ml pure glycerol cushion in a polyallomer tube. The sedimentation was performed in a Spinco SW 27 rotor at 25 ooo rev]min and 4 °C for 5 h. Fractions were collected from the top of the gradient in an ISCO gradient fractionator (Model 64o) by pumping Fluorinert FC-43 (Minnesota) into the bottom of the tube. Samples of o.o5 ml of each fraction were deposited on Whatman GF/B glass fibre filters, dried, put into vials containing 5 ml of toluene-PPO-POPOP scintillation mixture, and measured for radioactivity in a Packard Tri-Carb liquid scintillation spectrometer, Model 332o. The gradient fractions indicated by bars in Fig. 4 were pooled, neutralized with I-I N-HCI, o.2 M-tris solution, and dialysed against o-I × SSC at 4 °C for 48 h. The dialysates were treated with polyethylene glycol to reduce the vol. to about 2. 5 ml, and further dialysed against o.I × SSC for an additional 24 h. Then the dialysates were made isotonic with 1. 4 M-NaC1, 0"5 M-tris solution (Io ×NaCl-tris solution), pH 7"4, and their vol. adjusted to 4"5 ml with I x NaCl-tris solution. Each dialysate was assayed for infectivity in three chicken cell cultures under the conditions described below.
Infectivity assays. The infectivity of XC-DNA was tested under essentially the conditions described by Hill & Hillova (I972b) . Briefly, II-day-old chicken embryos (brown Leghorns susceptible to subgroup A, B, C, D avian tumour viruses) were dissected, trypsinized, and cultivated for two days in 25o ml Falcon plastic flasks in 2o ml of Eagle's medium supplemented with 2o ~o heated calf serum. Primary cultures were trypsinized and the cells were pooled and distributed into flasks containing 2o ml of growth medium with 5 ~ heated calf serum and Io ~ tryptose phosphate broth. About 24 h later the growth medium was poured off, and the monolayers were twice washed with I × NaCl-tris solution. The cultures were subsequently treated for I5 min at 37 °C with ~oml of r ×NaCl-tris solution containing Ioo/zg/ml DEAE-dextran (Pharmacia, Uppsala), and for another 15 min at 37 °C with 2"5 ml or 1.5 ml (see expt. I and 2, respectively, in Table I ) of DNA solution in I × NaCl-tris solution. Care was taken to obtain an equal distribution of the small vol. of DNA solution over the whole surface of the cell monolayer. The DNA solution was replaced by growth medium containing only I ~o heated calf serum in order to slow cell multiplication. The concentration of the tryptose phosphate broth was maintained at Io ~o throughout. Next day, the medium was changed. The cultures were passaged on the fourth day after the DNA treatment. The serum concentration was increased to 2 to 3 ~o in order to allow growth of cells. Subsequent passages were performed each fourth or fifth day. Foci of transformed cells appeared after one or several passages (7 to 2i days after the DNA treatment). Virus production was verified by electron microscopic examination and by the formation of pocks within 7 days of inoculation of filtered (Millipore HA, pore diam. 0"45 /zm) culture medium on to the chorioallantoic membranes of I I-day-old embryonated eggs. O/2 0/3 2/3 3/73"4 * In each experiment chicken embryo cells grown in primary cultures were pooled and distributed into an appropriate number of 25o ml Falcon plastic flasks. Each of these cell cultures was treated once only with the DNA and then propagated in vitro for up to 3o days. The cell culture techniques, as well as the procedures of DEAE-dextran and DNA treatment of secondary cultures and of subsequent cultivation of cells were described in Methods. Transformed cells appeared 7 to 2I days after the DNA treatment.
I7-2
t The same samples of XC-DNA extracted from nuclei and whole cells were used in both experiments. :~ The starting amount of DNA refers to #g DNA in 2"5 ml (expt. I) or 1"5 ml (expt. 2) of NaCl-tris solution applied per secondary culture containing approx. IO 7 chicken cells. In the second experiment the starting DNA solutions were diluted as indicated with NaCl-tris solution and I'5 ml samples were applied per secondary culture under the same conditions. § In previous experiments (not shown) the dilutions I/5o and 1/250 of whole cell XC-DNA gave negative results.
l] The assumption is made that only one event was at the origin of the transformation in each culture of transformed chicken cells.
RESULTS AND DISCUSSION
The nuclear pellet used to extract nuclear XC-DNA contained nuclei with only a small amount of cytoplasmic debris (Fig. I) . Some nuclei were surrounded by a thin cytoplasmic halo attached to the nuclear membrane. Eventual mitochondrial contamination was checked by examining a series of microphotographs corresponding to different depths of the nuclear pellet. No mitochondria were encountered in the total area containing IOOO nuclei. On the other hand, in ultrathin sections of whole XC cells, 1668 mitochondria were found per I oo nuclei encountered. It is concluded, therefore, that the DNA extracted from the nuclear pellet contained at most i/lO ooo of the mitochondrial DNA extracted from whole XC cells.
Infectivity assays of the DNA samples extracted from nuclei and whole cells are summarized in Table I . The results are expressed in the last column as the specific infectivities of the DNAs tested. In the experiments shown in Table I the specific infectivities of nuclear and whole cell DNA were about the same. The cell cultures transformed by the infective DNA produced the transforming C-type virus as ascertained by electron microscopy (Fig. 2, 3 ) and by pocks on chorioallantoic membranes. No C-type viruses were found when nontransformed cell cultures were examined by electron microscopy. The biological and antigenic properties of viruses recovered in XC-DNA treated chicken cells have been described (Hill & Hillova, I97I, I972a; Hlo~nek & Svoboda, 1972) .
The results in Table I show that infective DNA is present in the nuclei of virus-transformed cells. In our cell fractionation procedure the cytoplasmic fraction over the nuclear pellet was deliberately discarded since it was prepared under conditions which could not prevent . XC cells and SV4o were lysed on the top of an alkaline to to 3o % glycerol gradient and centrifuged in a Spinco SW 27 rotor at 25ooo rev/min and 4 °C for 5 h. The materials sedimenting in gradient regions a, b, c, d and e (indicated by bars) were assayed for infectivity as described in Methods.
the degradation of cytoplasmic D N A s by nucleases liberated from cytoplasmic structures at the m o m e n t of cell disruption. Similarly, we could not rigorously eliminate a nuclease action in other fractionation techniques which disrupt cells at neutral p H even when divalent metal ion c o n t a m i n a t i o n is prevented by the presence of chelating agents. Theoretically, a virus D N A with one double-strand break is not infective.
It has been reported that the denaturation of X C -D N A by alkali does not abolish its capacity to infect chicken cells (Hillova, G o u b i n & Hill, 1972) . Infectivity assays have shown that the bands of single-stranded D N A in neutral or alkaline density gradients contain about the same n u m b e r of infective units per #g D N A as do the original stocks of native XC-DNA. These results were especially important since they allowed the disruption of cells at alkaline pH which efficiently stopped any activity of cellular nucleases.
XC cells were deposited on to the surface of an alkaline glycerol gradient. During cell lysis the DNA was set free and acquired a denatured form. Then the lysate was centrifuged in order to separate cellular DNA species according to their sedimentation velocities. The resulting sedimentation profile is presented in Fig. 4 -Fast-sedimenting chromosomal DNA was found in a broad peak situated in the lower portion of the gradient. The sedimentation coefficient of this DNA was about I Io S, as estimated by comparison with the sedimentation profile of SV4o DNA (Pagano & Hutchison, I97I) . On the other hand, single-stranded DNA copies of the RSV genome, with a tool. wt. of rox io n if free, would have the sedimentation coefficient of 33S (according to Studier's (I965) equation) and, consequently, would sediment separately from the chromosomal DNA. The same may be true for slow-sedimenting species of cellular DNA like single-stranded (23 S) and closed circular (75 S) denatured forms of mitochondrial DNA (Koch, I973) and the 8 to 3oS cytoplasmic membraneassociated DNA (Meinke et al. I973) .
The sedimentation profile was divided into five regions (Fig. 4) -Gradient fractions corresponding to each region were pooled and each pool was assayed for infectivity under standard conditions in three chicken cell cultures. Transforming virus was recovered in one of three cultures treated with the chromosomal DNA (region d in Fig. 4 )-On the other hand, cell transformation and virus production, as controlled by electron microscopy, were not encountered in cultures treated with material from upper (a, b and c in Fig. 4 ) or lower (e in Fig. 4) regions of the gradient. These results argue against the possibility that virusspecific genetic information in non-producer cells is stored in cytoplasmic structures (mitochondria). In this respect, our results corroborate those of Bader (I973) who reported that the replication cycle of RSV was unaffected when mitochondria of virus-infected cells were heavily damaged by ethidium bromide. Furthermore, Montagnier & Vigier (I972b) fractionated the DNA of virus-infected chicken cells by Hirt's procedure (I 967), and found that infective virus DNA was associated with large chromosomal DNA in Hirt's pellet but not in the supernatant fluid.
Although the experiment shown in Fig. 4 was repeated three times with or without SV4o DNA sedimentation reference, the infective agent was never found in gradient fractions corresponding to the sedimentation coefficients of low mol. wt. DNA species. On the other hand, each peak of chromosomal DNA consistently contained an infective agent giving rise to the transforming virus in one of three cultures when assayed under standard conditions. It may be noted that higher infectivities of chromosomal DNA were not expected since each gradient was loaded with only 8 × Io ~ XC cells. The DNA content of these cells is estimated to be about 8/zg. Thus the amount of XC-DNA per gradient was much smaller than the ~ 2o/~g of DNA (see last column in Table I ) corresponding to one infective unit in the assays using XC-DNA prepared by Marmur's procedure.
The location of infective virus DNA in the nucleus of virus-transformed cells and the failure to separate infective DNA from chromosomal DNA by sedimentation through alkaline gradients, clearly indicated that the virus DNA of RSV was covalently bound to the chromosomal DNA. The same type of linkage was reported to exist between SV4o DNA and chromosomal DNA in SV4o-transformed cells (Sambrook et al. I968 ) . On the other hand, the DNA of Epstein-Barr virus was found to dissociate from the chromosomal DNA of non-virus-producing cells when subjected to sedimentation in alkaline gradients (Nonoyama & Pagano, 1972) . The possibility that XC cells contain free virus DNA which sediments as a non-specific aggregate with the I IoS chromosomal DNA may be ruled out since, as in Fig. 4 , the SV40 reference DNA species were readily separated from the chromosomal DNA.
In the light of our results it is unlikely that, in addition to the virus DNA covalently linked to the cellular chromosome, another virus DNA is present in non-producer RSVtransformed cells. However, the question remains of whether this is true for producer virusinfected chicken cells. In other terms, whether the integration of virus DNA into the cellular chromosome is a prerequisite for virus replication or may be bypassed by replication cycles using a free DNA intermediate as template in the RNA synthesis of the progeny virus. We hope to study this.
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